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ABSTRACT 
This  r e p o r t  desc r ibes  a t r i p l e x e r  f o r  a t h i r d  harmonic va rac to r  
m u l t i p l i e r .  Designed t o  cover the  maximum bandwidth, t h a t  i s  one f o r  
which t h e  t h i r d  and fou r th  harmonic bands a r e  contiguous,  t he  t r i p l e x e r  
and i ts  as soc ia t ed  harmonic r e j e c t i o n  f i l ters  embody a wide range of 
microwave s t r i p l i n e  f i l t e r  design techniques.  These include q u a r t e r  
wave s t u b ,  paral le l -coupled and r e e n t r a n t  type r e sona to r s  for bandstop 
f i l t e r s ,  and i n t e r d i g i t a l  and d i g i t a l  e l l i p t i c - t y p e  cons t ruc t ion  f o r  
bandpass f i l t e r s .  The t r i p l e x e r  c o n s i s t s  of two d ip lexe r s  composed of 
s ingly- terminated pseudo-complementary bandstop and bandpass f i l t e r s  
with Chebyshev response. T e s t  r e s u l t s  on t h i s  device w i t h  r e spec t  t o  
i ts  t r i p l e x i n g  func t ion  (excluding harmonic genera t ion  tests w i t h  a 
v a r a c t o r )  a r e  given. 
The  impedance matching network f o r  the  va rac to r  diode was designed 
using a computer op t imiza t ion  approach. The  t r i p l e r  e f f i c i e n c y  was 
analyzed using a time-domain a n a l y s i s  program i n  which a punch-through 
diode c h a r a c t e r i s t i c  was assumed. 
The au thors  present  a f e w  experimental  d a t a  on the t r i p l e r  perform- 
ance a t  spot  f requencies ,  using s t u b  tuners  t o  approximate ideal match- 
ing condi t ions .  
iii 

PURPOSE OF CONTRACT 
The purpose of t h e  con t r ac t  i s  t o  design 
and f a b r i c a t e  wideband t r i p l e x e r s  for t r i p l e r  
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I INTRODUCTION 
This is the final report on a one-year research project for the 
Electronics Research Center, National Aeronautics and Space Administration. 
The objective of the contract was to develop a series of triplexers'" for 
third harmonic varactor multipliers for space applications as outlined 
in SRI Proposal ELU 69-5 (Revised). 
During the course of the project after development of the first 
triplexer, and at the request of the sponsoring agency, effort was shifted 
from triplexer development to varactor impedance matching. According to 
this second approach bandstop harmonic rejection filters would be omitted 
as separate system components, but their function would be incorporated 
in the matching network. 
This report describes a triplexer and two harmonic filters for a 
fundamental band centered on 0.75 GHz, and the results of a computerized 
technique for matching a varactor in the fundamental and third harmonic 
bands . 
Cognizant technical personnel engaged on this project were 
Dr. A. I. Grayzel and IvIr. Robert Minkoff of NASA and Drs. L. Young, 
E. G. Cristal, and D. Parker, and M r .  B. M. Schiffman of SRI. 
,e 
References are listed at the end of the report. 
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I1 TRIPUXER FOR THIRD HARMONIC GENERATOR 
A. General  
The func t ion  of t h e  t r i p l e x e r  i s  t o  phys i ca l ly  sepa ra t e  and e lectr i -  
c a l l y  i s o l a t e  t h e  inpu t  p o r t  (fundamental) from t h e  output  p o r t  ( t h i r d  
harmonic) i n  a v a r a c t o r  frequency m u l t i p l i e r .  
and f o u r t h  harmonic f r equenc ie s  a r e  t o  be r e f l e c t e d  t o  the  source (varac- 
t o r ) ,  wh i l e  subharmonic and o t h e r  nonharmonic f r equenc ie s  a r e  t o  be ab- 
sorbed i n  a dummy load a t  t h e  t h i r d  t r i p l e x e r  p o r t ,  I d e a l l y  the phase a t  
t h e  va rac to r  of t h e  r e f l e c t e d  second, and poss ib ly  the  f o u r t h ,  harmonic 
should remain w i t h i n  c e r t a i n  bounds. 
A t  the same t i m e ,  second 
A block diagram i s  shown i n  Figure 1. I t  i s  a four-port  c o n s i s t i n g  
The of an assembly of t w o  ( s imi la r )  d i p l e x e r s  and two bandstop f i l t e r s .  
d i p l e x e r s  c o n s i s t  of a bandstop and a bandpass f i l t e r  connected i n  par- 
a l l e l ,  t hus  forming a three-port .  Each d i p l e x e r  and each bandstop f i l t e r  
w a s  designed a s  an i n t e g r a t e d  u n i t ,  each w i t h  i t s  own inpu t  and output  
connectors (Type N ) ,  and the f o u r  u n i t s  were then connected as  i n  Fig- 
u r e  1. A photograph of t h e  assembled t r i p l e x e r  i s  shown i n  Figure 2 .  
B. Operating Frequency 
The maximum r e l a t i v e  bandwidth of a t h i r d  harmonic gene ra to r  i s  
f i x e d  by the  requirement t ha t  the  t h i r d  and f o u r t h  harmonic bands a s soc i -  
a ted w i t h  a given fundamental band do not  overlap.  The maximum r e l a t i v e  
bandwidth i s  t h e r e f o r e  2 / 7  or 
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The cen te r  frequency f o r  t h e  fundamental band i s  750 M H z ,  y i e ld ing  the 
fol lowing harmonic bands: 
Band Harmonic Frequency Range 
I Fundamental 643 t o  857 M H z  
I1 Second 1286 t o  1714 M H z  
I1 I Third 1929 t o  2571 MHz 
I V  Fourth 2571 t o  3429 M H z .  
_I_ 
C. Design Considerat ions 
I n  gene ra l ,  t h e  performance requirements f o r  t h e  t r i p l e x e r  a r e  not  
severe when each component i s  considered separa te ly .  I s o l a t i o n  between 
fundamental and t h i r d  harmonic p o r t s  i s  t o  be 25 dB. Undesired harmonics 
a r e  t o  be a t tenuated  by a t  l e a s t  15  dB, of which a t  least  10 dB i s  t o  
be accounted f o r  by the  bandstop f i l t e r s .  However, because the f o u r  bands 
a r e  n o t ,  i n  gene ra l ,  widely separated ( the  t h i r d  and f o u r t h  harmonic bands 
a r e  a c t u a l l y  cont iguous) ,  and because low i n s e r t i o n  loss and good imped- 
ance match a r e  a l s o  r equ i r ed ,  a c e r t a i n  amount of compromise was necessary.  
Many d i f f e r e n t  conf igu ra t ions  wi th  d i f f e r e n t  response c h a r a c t e r i s t i c s  
were considered i n  t h e  l i g h t  of t h e  above. Both t h e o r e t i c a l  and phys ica l  
des igns  were worked ou t  and then discarded because of p r a c t i c a l  consider-  
a t i o n s  u n t i l ,  f i n a l l y ,  the  f i l t e r s  and d i p l e x e r s  descr ibed below were 
se l ec t ed  e 
D. F ix ing  t h e  Tr ip l exe r  Response C h a r a c t e r i s t i c s  
The o v e r a l l  response of t h e  t r i p l e x e r  i s  determined by t h a t  of the 
two d i p l e x e r s ,  and t h e  way they are connected. F i r s t ,  a s u i t a b l e  response 
of t h e  d ip l exe r  f o r  t h e  fundamental band (Band I )  was found, and i t  was 
then seen t h a t  a sca led  model of t h i s  d ip l exe r  would adequately cover 
6 
t h e  Band I11 requirements,  y i e l d i n g  a s a t i s f a c t o r y  o v e r a l l  b a s i c  t r i p l e x e r  
response.  F igu re  3 shows t h e  measured frequency response of t h e  two d i -  
p l e x e r s  t e s t e d  s e p a r a t e l y ,  and p l o t t e d  on one graph. These are very c l o s e  
t o  t h e o r e t i c a l .  
bandpass and bandstop p o r t i o n s  of t h e  fundamental band d i p l e x e r  respec- 
t i v e l y ,  and t h e  dashed l i n e s  ( C )  and (D)  , t he  corresponding response of 
t h e  t h i r d  harmonic d ip l exe r .  I n  t h i s  f i g u r e ,  the  harmonic band l i m i t s  
a r e  a l s o  shown. Referr ing now t o  t h e  block diagram of Figure 1 and the 
graphs of Figure 3, one could expect t h a t  a s i g n a l  i n  t he  fundamental 
band would be channeled from t h e  inpu t  through t h e  fundamental and t h i r d  
harmonic d i p l e x e r s  t o  the v a r a c t o r  with n e g l i g i b l e  a t t e n u a t i o n ,  a s  seen 
by curves (A)  and (D)  of Figure 3.  L i k e w i s e ,  the s i g n a l  should be w e l l  
p ro t ec t ed  by about 30 dB o r  more i s o l a t i o n  from power loss i n  the dummy 
load,  as  seen by curve ( B ) ,  and by 25 dB or more from loss t o  the  output  
p o r t ,  as  seen by curve ( C )  . 
i n  t h e  v a r a c t o r  would then e x i t  f r o m  the  output  p o r t  of t h e  t h i r d  harmonic 
d i p l e x e r  w i t h  very low a t t e n u a t i o n ,  as  seen by curve ( C ) .  
Figure 3 shows t h a t  t h e  t h i r d  harmonic i s  w e l l  i s o l a t e d  by 30 dB or more 
f r o m  power loss  t o  e i t h e r  the fundamental d i p l e x e r  or the dummy load. 
The s o l i d  l i n e s  ( A )  and (B) g i v e  the  response of the 
The t h i r d  harmonic of the  input  generated 
Curve (D) of 
I t  should be noted t h a t  t he  o r d e r  of connection of the  two d i p l e x e r s  
as  shown i n  Figure 1 i s  important t o  the  proper operat ion of the d i p l e x e r s .  
I f  t h a t  o rde r  were reversed so t h a t  t h e  d i p l e x e r s  were t ransposed,  the  
t h i r d  harmonic would e x i t  from the fundamental d i p l e x e r  i npu t  p o r t  be- 
cause of t h e  spurious pas s  band r e s u l t i n g  from t h e  d i s t r i b u t e d  na tu re  
of f i l t e r  elements i n  t h e  d ip l exe r .  This  spurious band, a s  shown i n  p a r t  
by curve ( A )  of Figure 3, f a l l s  r i g h t  i n  the t h i r d  harmonic band a s  ex- 
pec ted ,  bu t  w i th  t h e  mul t ip l exe r  connection of Figure 1, i t  should cause 
no t roub le .  For c l a r i t y ,  the responses of the second and f o u r t h  harmonic 
f i l t e r s  have been omitted from F igure  3 ,  and t h e s e  a r e  d e a l t  with l a te r .  















































































































































































E.  Band I Diplexer  
H e r e ,  a ske le ton  o u t l i n e  of t h e  method of designing the  d ip l exe r s  
i s  g iven ,  and l a t e r  t h i s  i s  f i l l e d  i n  with more d e t a i l s .  
S t a r t i n g  wi th  d ip l exe r  s p e c i f i c a t i o n s ,  a canonical  low-pass lumped 
element singly-terminated pro to type  i s  chosen [Figure 4( a )  1, and t h e  
3-dB frequency (crossover  frequency) of t h e  prototype i s  determined. 
Then, scale f a c t o r s  A and A based on t h e  pro to type  3-dB frequency,  
t h e  d ip l exe r  crossover  f requency,  and t h e  d ip l exe r  cen te r  frequency a r e  
ca l cu la t ed  f o r  a bandpass and a bandstop f i l t e r  [Figure 4 ( b ) l .  
t hese  s c a l e  f a c t o r s ,  normalized s t u b  impedances a r e  ca lcu la ted  from t h e  
low-pass pro to type  f o r  the  component f i l t e r s  of t h e  d ip l exe r  rFig- 
u r e  4 ( c ) l .  
BP BS 
With 
I n  Figure 4 ( c )  t h e  common p o r t  of t h e  d ip l exe r  i s  shown t o  terminate  
i n  a r e s i s t a n c e  R = 1, i n  c o n t r a s t  wi th  t h e  pro to type  te rmina t ing  value 
= a, i n  Figure 4 ( a ) .  The reason f o r  t h i s  seeming change i s  a t  t h e  g4 
h e a r t  of t h e  theory of d ip l exe r  design.  The impedance of t h e  d ip l exe r  
a t  t h e  common p o r t  i d e a l l y  should be r e a l  and frequency i n v a r i a n t .  To 
achieve t h i s  wi th in  p r a c t i c a l  l i m i t s ,  complementary f i l t e r s  a r e  normally 
used. Such f i l t e r s  have t h e  property t h a t  t h e  r e a l  p a r t s  of t h e  input  
admit tances  ( i n  a shunt-connected d i p l e x e r )  add t o  u n i t y ,  and t h e  imag- 
ina ry  p a r t s  add t o  zero.  Singly terminated maximally f l a t  f i l t e r s  have 
t h i s  property p r e c i s e l y ,  and singly-terminated Chebyshev f i l t e r s  c lose ly  
approximate t h i s  condi t ion  when sca led  f o r  a 3-dB crossover  frequency. 2 
That singly-terminated Chebyshev f i l t e r s ,  when so employed, r e t a i n  
t h e i r  excellent f i l t e r i n g  p r o p e r t i e s  i s  ev ident  from t h e  fol lowing argu- 
ment .  I f  t h e  common p o r t  C i s  dr iven  by a vol tage  genera tor  w i th  source 
r e s i s t a n c e  R = 1 f o r  optimum power t r a n s f e r ,  a near ly  cons tan t  vo l tage  
appears across  t h a t  p o r t .  This  fo l lows  from t h e  complementarity requi re -  
ment placed on t h e  component f i l t e r s ,  which r e s u l t  i n  a r e a l ,  
9 
0 0 
lr f x  
fo 
A , ,  = w; cot - - 
lr f x  A,, = w; tan - - 
f o  
b c  d 
R 
R=l  




FIGURE 4 DEVELOPMENTAL OUTLINE OF DIPLEXER CIRCUIT 
(a) Low-pass Lumped-element Prototype 
(b) Scale Factors for Distributed-element 
(c) 
(d) 
(e) Final Form of Diplexer 
(Transmission Line) Filters 
Basic Form of Diplexer Symbolic Elements 
Basic Form of Diplexer with Stubs 
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f requency-invariant  i npu t  admittance R 1 a t  p o r t  C of t h e  d ip l exe r .  
Therefore  each f i l t e r  i s  sepa ra t e ly  dr iven  by a cons tan t  vo l tage  source.  
But t h i s  i s  p r e c i s e l y  t h e  requirement f o r  Chebyshev behavior s i n c e ,  f o r  
t he  prototype f i l t e r ,  g = * corresponding t o  a sho r t  c i r c u i t ,  or more 
s p e c i f i c a l l y  a zero-impedance vol tage  generator .  Thus, t o  t he  ex ten t  
t h a t  complementarity exis ts  i n  the  component f i l t e r s ,  t h e  design response 
i s  preserved i n  the  d ip l exe r .  
4 
Returning now t o  the d ip l exe r  des ign ,  i n  F igure  4 (c )  inductors  and 
capac i to r s  represent  shor t -  and open-c i rcu i t  s tubs  r e spec t ive ly  a s  shown 
i n  Figure 4 ( d ) .  
converted t o  t h e  impedances of d i r e c t l y  connected series and shunt quar te r -  
wave r e sona to r s  a t  a s p e c i f i c  impedance l e v e l  [Figure 4 ( d ) l ,  forming a 
The normalized element va lues  L ' ,  C ' ,  L and C a r e  then 
bandpass and a bandstop f i l t e r .  These two r e a l  but not  very p r a c t i c a l  
f i l t e r  conf igura t ions  (direct-connected s t u b s )  a r e  then sepa ra t e ly  a l -  
tered t o  more p r a c t i c a l  forms [Figure 4(e) ] .  H e r e ,  the  bandstop f i l t e r  
was modified t o  c o n s i s t  of two open-circuited s t u b s  separated by a 
quarter-wave l i n e  and one para l le l -coupled  s tub  resonator .  In  a d d i t i o n ,  
one length  of l i n e  sepa ra t e s  the  f i r s t  s tub  from the  common junc t ion  
w i t h  the bandpass f i l t e r .  The bandpass f i l t e r  was modified t o  c o n s i s t  
of three coupled l i n e s  forming an i n t e r d i g i t a l  f i l t e r .  
1. Low-Pass Prototype and Basic Diplexer  
Element va lues  f o r  t h e  low-pass pro to type  [Figure 4 ( a ) ]  were 
obtained from an inhouse computer program and are  given i n  Table I .  In  
and g a r e  conductances when appl ied t o  the  c i r c u i t  of Fig- ' go 4 Table I 
u re  4 ( a ) ,  and g and g are given i n  henrys and g i n  f a rads .  The 
1 3 2 
3-dB protype frequency (crossover  frequency) f o r  t h i s  f i l t e r  i s  computed 
11 
Table I 
ELEMENT VALUES FOR A LOW-PASS PROTOTYPE 
N o .  of r e sona to r s  n = 3  
Peak loss i n  pas s  band 
F i l t e r  type Cheby s hev 
= 0.3 dB 
LAr 







from t h e  frequency response formula f o r  n odd fo r  a s ing ly  terminated 




R e  Y i s  t h e  r e a l  p a r t  of t h e  input  admittance of t h e  component f i l t e rs  
a t  frequency W ’  a s  seen from t h e  common p o r t  end ,  n i s  t h e  number of ele- 
ments,  and e i s  computed from 
- 1  
10 
S u b s t i t u t i n g  R e  Y = 1/2 (normalized va lue ) ,  n = 3 
puted from L 
and 6 = 0.0715 [com- 
= 0.3 dB i n  Eq. (2 ) ]  w e  ob ta in  + W ‘ / w ’  = 1.229. The scale Ar 3 1  
12 
parameters  h i n  Figure 4(b)  depend on t h e  choice of crossover  frequency 
f of t h e  d ip lexer .  T r i a l  va lues  of f were used t o  compute t h e  frequency 
response of t h e  d i p l e x e r ,  r e s u l t i n g  i n  t h e  choice of 1.0 GHz a s  t h e  cross-  
over  frequency. This  value yielded f o r  t h e  scale parameters ,  
X X 
= 0.7096 
= 2.1286 ( i n i t i a l  va lue)  e 
Using t h e  formulas of F igure  4 ( c ) ,  t h e  fol lowing normalized va lues  of 
f i l t e r  e lements  were obtained: 
Table I1 
STUB VALUES N O W L I Z E D  TO 1-0HM LJ3VEL 
= 0.4865 C; = 0.6852 
C = 0.8825 L i  = 0.3777 




The above element va lues  a r e  a c t u a l l y  t h e  admit tances  and impedances of 
open and shor t - c i r cu i t ed  s t u b s  normalized t o  a one-ohm l eve l  and do not  
r ep resen t  inductance and capac i tance  values .  When nornialized t o  a 50-ohm 




STUB VALUES NORMALIZED TO 50-OHM Ll3vEL 
Z = 24.3  z '  = 73.0  
1 1 
= 27.6 z; = 18.9 
z2 
z3 
= 4 4 . 5  Z J  = 133.5 
2. Bandstoo Por t ion  of Diolexer 
The bandstop po r t ion  of t h e  d ip l exe r  was then modified (see 
Figure 5) using Kuroda ' s i d e n t i t y  , 4 ~  
t i o n s  of 50-ohm transmission l i n e  from the BS p o r t  toward t h e  common 
p o r t  C. The d ip l exe r  performance was not  a f f ec t ed  by t h i s  change, s ince  
by feeding three quarter-wave sec- 
BS 
FIGURE 5 BANDSTOP PORTION OF DIPLEXER AFTER APPLICATION OF 
KURODA'S IDENTITY 
t h e  terminat ing impedances were not  changed i n  any way, but the i n s e r t e d  
quarter-wave l i n e s  served t o  conveniently sepa ra t e  d i r e c t l y  connected 
s tubs  from,each o t h e r ,  and i n  p a r t i c u l a r  s epa ra t e  t h e  BS and BP f i l t e r s  
by a l i n e  sec t ion  ( p a r t  of the  BS f i l t e r ) .  
BS f i l t e r ,  no t  ye t  f i n a l ,  t h e  fol lowing s tub  impedances and connecting 
l i n e  impedances were obtained: 
I n  t h i s  conf igura t ion  of the  
i 
i j  
14 
Table I V  
VALUES OF STUB 
AND CONNECTING LINE IMPEDANCES 
- - 
Z = 252.8 Z = 6 2 . 3  
= 7 9 . 9  
12 
'23 
- 1 I 
= 7 1 . 3  
z2 
z = 55.4 I -3 - = 7 6 . 7  34 Z 
H e r e ,  a s  before ,  s tub  1 i s  near  the  BS p o r t  and s t u b  3 i s  near  t h e  common 
junc t ion  C. 
The f i n a l  modif icat ion of the  BS f i l t e r  i s  t o  change s tub  1, 
which has a f a i r l y  high Z 
i n  F igure  4(e). 
must be processed simultaneously.  By allowing the coupled-line resonator  
t o  be asymmetrical ,  a wide choice of coupled-line parameters i s  p o s s i b l e ,  
thereby allowing p r a c t i c a l  design va lues  t o  be chosen. A convenient way 
of t r e a t i n g  coupled-line design i s  t o  c a l c u l a t e  the  d i s t r i b u t e d  capaci-  
t ances  of t h e  l i n e s  normalized t o  the d i e l e c t r i c  cons tan t  of the  medium 
C /e C /e and C /e ,  where the s u b s c r i p t s  a and b r e f e r  t o  l i n e  and 
r e sona to r ,  r e s p e c t i v e l y ,  as shown i n  Figure 6 .  The formulas are 
t o  a p a r a l l e l  coupled resonator6 s t u b  a s  shown 
0' 
Both the  s tub  'z and i t s  ad jacent  l i n e  sec t ion  
1 12 
- - a b ab 
and 
15 





FIGURE 6 CIRCUIT CROSS SECTION OF PARALLEL- 
COUPLED RESONATOR SHOWING DISTRIBUTED 
CAPACITANCES 
In  t h e  above formulas f o r  coupled l i n e s  the o r i g i n a l  l i n e  z 
s tub  a r e  given as  normalized admittance Y and Y 8 has  the  value 
and 
12 
1 12 1’ 
0.0885 pf/cm, and G i s  t h e  r e l a t i v e  d i e l e c t r i c  constant .  A s  long as  
C and C remain g r e a t e r  than  zero, a wide choice of C i s  poss ib l e .  
With Lr = 1, the  choice of C 
t h e  coupled l i n e  c a p a c i t i e s :  
r 
a b ab 
/E = 3.0 y ie lded  p r a c t i c a l  va lues  for  
ab 
c C C 
ab - -  = 3.039, - 3.0 b a 
E 8 8 
-- = 4.534, 
Design curves f o r  r ec t angu la r  coupled l i n e s  between p a r a l l e l  gound p lanes  
were used t o  ob ta in  dimensions of the  l i n e s ,  a s  were design curves f o r  
the  uncoupled po r t ions  of the  BS f i l t e r ,  y i e ld ing  the  dimensions shown i n  
7 
Figure  7 f o r  t h e  bandstop po r t ion  of t h e  Band I d ip l exe r .  
3. Design of t h e  BP F i l t e r  
Many p r a c t i c a l  r e a l i z a t i o n s  of the  direct  connected s tub  
BP f i l t e r  of F igure  4(d)  w e r e  i nves t iga t ed ,  bu t  the i n t e r d i g i t a l  config- 
ura t ion*  appeared t o  be m o s t  compact and have least  end e f f e c t s  t h a t  tend 
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SEC. A - A  
FIGURE 7(b) DRAWING OF DIPLEXER FOR BAND I SHOWING DIMENSIONS OF 
CIRCUIT ELEMENTS 
18 
The d i s t r i b u t e d  capac i tances  of coupled l i n e s  are used i n  de- 
s igning t h i s  po r t ion ,  F i r s t ,  t h e  d i s t r i b u t e d  capac i tances  der ived from 





- [C] = - 
0 




-C ’ c’  + c’ + c’ -C ’ 
1 1 2  3 
0 -C; C’ 
3 
( 5 )  
where t h e  va lues  of C’ Remem- 
ber ing  t h a t  these a r e  a c t u a l l y  normalized admittance va lues ,  mul t ip l ica-  
t i o n  by the f a c t o r  7 /Z = 7.534 converts  a l l  elements t o  normalized 
capac i tances  C/e f o r  a 50-ohm system, a form well-sui ted t o  e x i s t i n g  
design graphs f o r  coupled rods and bars .  The matr ix  i s  i n t e r p r e t e d  t o  
r ep resen t  t he  capac i tances  of t h r e e  coupled s t u b s  a s  i n  Figure 4 ( e ) ,  
where t h e  se l f -capac i tances  of t h e  s tubs  are given by the sum of t h e  
elements i n  t h e i r  r e spec t ive  rows (or  columns), and t h e  i n t e r s t u b  capac- 
i t a n c e s  a r e  given by t h e  off-diagonal  element. In  gene ra l ,  w e  have 
C’ = l/Li, and C ’  a r e  given i n  Table 11. 1’ 2 3 
0 0  
AC 
i j  
e i j  
7 -  - c  (7)  
The self capac i tances  C and the i n t e r s t u b  capac i tances  AC a r e  depicted 
i n  Figure 8 f o r  t he  three-element i n t e r d i g i t a l  s t r u c t u r e .  Note t h a t  
g 
19 
FIGURE 8 CIRCUIT CROSS SECTION OF 
INTERDIGITAL PORTION OF 
DIPLEXER 
C = 0 i n  E q .  (5). T h i s  s i g n i f i e s  s tubs  1 and 3 are i d e a l l y  f u l l y  
13 
i s o l a t e d .  A l s o ,  a t  the s t a r t  s tubs  1 and 3 have zero  s e l f  capaci tance 
(5 C i j  = 0 ,  i = 1,3) and t h e  mat r ix  can not  d i r e c t l y  y i e l d  a r e a l i z a b l e  
three-element i n t e r d i g i t a l  f i l t e r .  
be r e a l i z a b l e  b u t ,  because of i $ s  g r e a t e r  bulk and end e f f e c t s ,  was not  
considered t o  be a good s o l u t i o n . )  
( A  r e e n t r a n t  type design may s t i l l  
The next  s t e p  i s  t o  mult iply the  i n n e r  row and column by a 
t ransformer r a t i o  N 1, y ie ld ing  a r e a l i z a b l e  C-matrix f o r  an i n t e r -  
d i g i t a l  f i l t e r . *  The e f f e c t  i s  the  same a s  pos t -  and pre-multiplying 
the C-matrix by a t ransformer ma t r ix ,  which has the  e f f e c t  of changing 
the  i n t e r n a l  impedance l e v e l  of t he  f i l t e r  whi le  preserv ing  t h e  impedance 
match a t  each end. Of course ,  t o o  small a t ransformer r a t i o  w i l l  y i e l d  
a nega t ive  se l f -capac i tance  for the cen te r  s t u b ,  again r e s u l t i n g  i n  a 
non-real izable  C-matrix. 
Using Table I1 and E q .  (5), w e  f i r s t  ob ta in  
-5.162 





A f t e r  s eve ra l  t r i a l  va lues  of t ransformer r a t i o n  N ,  a value of N = 0.42 
Diameter 
( inches)  
Rod 
gave t h e  C-matrix 
Spacing 
( c l e a r  gap) 
5.162 -2.168 0 
4.927 -1.185 




The self and i n t e r s t u b  capac i tances  ca lcu la ted  from t h i s  C-matrix y i e l d e d  
p r a c t i c a l  dimensions f o r  three coupled c y l i n d r i c a l  rods  between ground 
p lanes  spaced one ha l f  inch  apa r t .  The rod diameters  and the i r  spacings 
f o r  t h i s  i n i t i a l  design were obtained from design curves for coupled 





INITIAL ROD DIAMETERS AND SPACINGS OF I .D.  
L I I I 
I t  w i l l  be  noted t h a t  these dimensions a r e  s l i g h t l y  d i f f e r e n t  from those 
i n  F igure  7, which g ives  the  f i n a l  design dimensions for  the  Band I d i -  
plexer .  How the f i n a l  dimensions were worked ou t  i s  explained below. 
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4. T e s t s  on Band I Diplexer  
The component BS and BP f i l t e r s  were t e s t ed  sepa ra t e ly  and then 
a s  a u n i t ,  dur ing which adjustments  were made. Adjustments on the  BS fil- 
ter cons is ted  of reducing r e sona to r  lengths  and adding tuning screws a t  
t h e i r  open c i r c u i t  ends,  and then tuning t h e  r e sona to r s  t o  750 MHz, t he  
c e n t e r  of t h e  s top  band. An automatic network analyzer  was used t o  d i s -  
play t h e  r e a l  p a r t  of t h e  input  admittance a t  the common junc t ion  of 
the  sepa ra t e  f i l ters .  The  BS f i l t e r  appeared w e l l  behaved, w i th  Y i n  
approximating u n i t y  on a normalized b a s i s  i n  the pass  bands and ze ro  i n  
the  s top  band, and having a va lue  of approximately 0.5 a t  crossover  f r e -  
quencies  (500 and 1000 M H z ) .  
app l i cab le  i n  t e s t i n g  a s i n g l e  f i l t e r .  
H e r e ,  measurements of VSWR would not  be 
The BP f i l t e r  requi red  considerably more a t t e n t i o n .  I t  was 
found t h a t  t h e  i n i t i a l  i n t e r d i g i t a l  f i l t e r  ( I D )  d id  not  have c o r r e c t  be- 
havior  of t h e  r e a l  p a r t  of Y . However by ad jus t ing  t h e  spacings of t h e  
coupled rods ,  and a l s o  t i l t i n g  them so t h a t  they were no longer p a r a l l e l ,  
i t  was poss ib l e  t o  ob ta in  t h e  des i r ed  behavior of R Y . However, i t  
was then found t h a t  t he  bandwidth was cont rac ted  by about 7.6 percent  a s  
measured between the 3-dB p o i n t s  (no meaningful measurement of bandwidth 
w a s  poss ib l e  u n t i l  t h e  c o r r e c t  behavior of R Y was obta ined) .  Then by 
r e tu rn ing  t o  the  low-pass pro to type  and applying a new s c a l e  f a c t o r  I\ 
BP 
computed f o r  an appropr i a t e ly  w i d e r  bandwidth (7.6 percent  wider) a re- 
v ised  C-matrix was wr i t t en .  The  new scale f a c t o r  i s  I\ 
pared w i t h  a value of 2.129 i n  i n i t i a l  des ign) .  
of n = 0.47 allowed a redesign of t he  i n t e r d i g i t a l  f i l t e r  i n  which only 
i n  
e i n  
e i n  
= 1.959 (com- 
BP 
A t ransformer r a t i o  
the  cen te r  r e sona to r  and r e sona to r  spacings needed t o  be a l t e r e d .  The 
C - m a t r i x  became 
22 
5.609 1 -2 * 636 0 
5.971 -2.636 -1.441 
-1,441 3.066 L o  
y ie ld ing  s e l f  and i n t e r s t u b  d i s t r i b u t e d  capac i tances  a s  fol lows.  
Table V I  
DISTRIBUTED CAPACITANCES OF I . D .  
C 
- -  g1 - 2.97 
E: 
C 
- -  g2 - 1.89 
e 
C 
- = 1.63 83 
e 
- -  - 2.63 Ac12 
8 
- -  - 1.44 “23 
e 
A new rod diameter  f o r  t h e  cen te r  s t u b  and new s tub  spacings were found 
from des ign  curves f o r  coupled rods 
i n g s  were, however, again ad jus ted  i n  magnitude and tilt  during t e s t i n g  
t o  ob ta in  R Y approximately equal  t o  un i ty  i n  the pass  band, as  de- 
sc r ibed  ear l ier .  The response curve of Figure 3 f o r  t h e  fundamental 
band (curves  A and B) were obtained a f te r  a l l  adjustments were made. 
I n s e r t i o n  loss i n  t h e  fundamental band (643 - 857 M H z )  d id  not  exceed 
0.2 dB a s  measured between t h e  C and BP te rmina ls .  The VSWR of t h e  
9 a s  shown i n  F igure  7 (b ) .  The spac- 
e i n  
23 
d i p l e x e r  f o r  Band I i s  shown i n  Figure 9 i n  the range 0.2 t o  2.0 G H z ,  a s  
seen a t  t he  C p o r t .  
BS (dummy load)  p o r t  a r e  shown i n  Figure 10. 
The VSWR curves a t  t h e  BP ( i n p u t )  p o r t  and a t  t h e  
The effects of a severe mismatch i n  e i t h e r  the  BP p o r t  or t he  
BS p o r t  a s  seen a t  the C p o r t  a r e  shown i n  Figure 11, where t h e  r e s p e c t i v e  
p o r t s  (BP and BS) w e r e  each successively l e f t  open-circui ted,  bu t  w i th  a 
load on t h e  o t h e r  p o r t .  The a b i l i t y  of the  d i p l e x e r  t o  s e p a r a t e  the fre- 
quency bands i s  c l e a r l y  seen i n  these  curves.  
A photograph of the  Band I d i p l e x e r  w i th  cover p l a t e  removed 
i s  shown i n  F igu re  12. 
F. Band I11 Diplexer 
The Band I11 d i p l e x e r  was made a s  a scaled down version of the  
Band I d i p l e x e r  i n  a l l  r e s p e c t s ,  except for the  ground plane spacing,  
which was kept  t h e  same. Curves C and D of F igu re  3 a r e  test  r e s u l t s ,  
bu t  are very c l o s e  t o  curves t h a t  were scaled f r o m  curves  A and B by a 
factor of t h r e e  ( n o t  shown i n  Figure 3), except for  the peaks i n  the s t o p  
band. A dimensioned drawing of t h e  e s s e n t i a l  f e a t u r e s  of the Band I11 
d i p l e x e r  i s  shown i n  Figure 13, and a photograph of t h i s  device w i t h  
cover p l a t e  removed i s  shown i n  Figure 14. 
Although t h e  e lectr ical  c i r c u i t s  of the  two d i p l e x e r s  are s i m i l a r ,  
l e s sons  learned w i t h  r e spec t  t o  a d j u s t i n g  the  spacing and t i l t i n g  of the  
I D  p o r t i o n  of t h e  d i p l e x e r  were appl ied i n  t h e  mechanical design of t h e  
Band I11 d ip lexe r .  The s t u b  n e a r e s t  the common junc t ion  w a s  made non- 
a d j u s t a b l e ,  while  p rov i s ion  was made so t h a t  the c e n t e r  s t u b  and the  
s t u b  a t  the  BP junc t ion  could be moved and then f i x e d  i n  t h e  optimum 
p o s i t i o n s .  The method of mounting allowed both a change i n  the i n t e r -  
s t u b  spacing and a t ilt  of the s t u b s  so t h e y  are no longer p a r a l l e l ,  a s  




























































































































































































































































































































































































































































































































































































































































































t h e  complete d i p l e x e r  on a continuously swept b a s i s .  A VSWR curve for 
t he  common p o r t  of t h e  Band I11 d i p l e x e r  i s  shown i n  Figure 15. Although 
not  gene ra l ly  as w e l l  matched as  t h e  Band I d i p l e x e r ,  a f a i r l y  good match 
i s  achieved i n  t h e  t h i r d  harmonic band, and an e x c e l l e n t  match i n  t h e  
fundamental band and i t s  surroundings. 
G. Harmonic Re iec t ion  F i l t e r s  
1. Band I1 Bandstop F i l t e r  
The second harmonic bandstop f i l t e r  was designed to  provide a t  
least  10 dB a t t e n u a t i o n  i n  t h e  range 1286-1714 M H z ,  and t o  be w e l l  matched 
i n  the fundamental and t h i r d  harmonic bands. A five-element Chebyshev 
low-pass prototype w i t h  pass-band r i p p l e  of 0.01 dB was found t o  be w e l l  
s u i t e d  f o r  t h i s  task.  Unlike the  component f i l ters  of t h e  d i p l e x e r s ,  the 
harmonic f i l t e r s  are of the  doubly-terminated type. 
A s p e c i a l  requirement of a harmonic f i l t e r  f o r  a v a r a c t o r  mult i -  
p l i e r  i s  t h a t  the phase of t h e  r e f l e c t e d  wave ( i n  t he  s top  band) a t  t h e  
v a r a c t o r  terminal  be contained wi th in  c e r t a i n  bounds. Excess l i n e  length 
between va rac to r  and harmonic f i l t e r  must t h e r e f o r e  be avoided. Now i n  
o rde r  t o  make the Band I1 f i l t e r  simple i n  form, quarter-wave l i n e  sec- 
t i o n s  are f ed  i n t o  i t ,  bu t  from one end on ly ,  i n  keeping w i t h  t h e  above 
r e s t r i c t i o n .  The feed end f o r  the l i n e  s e c t i o n s  i s  the  one oppos i t e  the 
va rac to r  terminal .  
The low-pass prototype and t h e  element values  a r e  shown i n  
Figure 16 (a ) .  
mit tance and impedance va lues  of a bandstop f i l t e r  normalized t o  one ohm, 
a s  shown i n  Figure 16(b) .  
symbolizes a bandstop f i l t e r  c o n s i s t i n g  of series s h o r t - c i r c u i t  s tubs  
and shunt open-circui t  s tubs.  When f o u r  quarter-wave l i n e s  are fed i n  
from t h e  r i g h t  end w e  o b t a i n  the  a l l - shun t  s tub  r e a l i z a t i o n  of 
A scale f a c t o r  of A = 0.371 converts  these va lues  t o  ad- 
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FIGURE 16 CIRCUIT DEVELOPMENT OF BAND II BANDSTOP FILTER 
(a) Low-pass Prototype and Element Values 
(b) Bandstop Filter and Element Values Normalized 
(c) 
(d) Modified Filter with End Sections Realizable 
To One 
All-Shunt Stub Form of Bandstop Filter with 
Line Sections Fed from Right End 
as Reentrant Resonators 
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Figure  16 (c ) .  
(178.2 ohms and 378.2 ohms), t h e  f i l t e r  i s  modified t o  t h e  c i r c u i t  of 
Figure  16(d) .  The series s h o r t  c i r c u i t  s tub  and the  end l i n e  sec t ion  
nea r  each p o r t  a r e  now e a s i l y  r e a l i z e d  as r e e n t r a n t  l i n e  s e c t i o n s ,  as 
shown i n  t h e  d e t a i l  drawing of t h e  second harmonc f i l t e r  i n  F igure  17. 
A photograph of t h e  f i l t e r  (cover  p l a t e  removed) i s  shown i n  Figure 18. 
Since the  end s t u b s  a r e  somewhat d i f f i c u l t  t o  r e a l i z e  
10 
The measured i n s e r t i o n  loss curve f o r  t h i s  f i l t e r  i s  shown i n  
F igure  19 and i t s  VSWR curve i n  F igure  20. The f i l t e r  m e t  t h e  a t tenua-  
t i o n  s p e c i f i c a t i o n  a t  t he  edges of t h e  second harmonic band very n i c e l y ,  
although VSWR i n  t h e  pass  band i s  higher  than expected. The reason for 
t h i s  i s  not known. 
2. Band I V  Bandstop F i l t e r  
The f o u r t h  harmonic band i s  cont iguous with the  t h i r d  harmonic 
band and a s t eep  a t t e n u a t i o n  s lope  i s  requi red  f o r  t h i s  bandstop f i l t e r .  
An e l l i p t i c  f i l t e r  i s  t h e r e f o r e  a n a t u r a l  choice.  To keep t h e  design down 
t o  a reasonable  amount of complexity,  an e l l i p t i c  f i l t e r  of order 6 was 
chosen.” 
chosen f o r  performance and p r a c t i c a l  r e a l i z a b i l i t y  i n  d i g i t a l  e l l i p t i c  
f i l t e r l a  format. 
i n  the pass  band. The modular angle  r e l a t e s  d i r e c t l y  t o  s k i r t  s teepness  
and inve r se ly  t o  minimum a t t e n u a t i o n  i n  t h e  s top  band A . I n  t h i s  case  
A = 50.6 dB. The element va lues  f o r  t h e  low-pass pro to type  a r e  shown 
i n  F igure  21(a)  
r e a l i z a b i l i t y  than on bandwidth coverage. 
bandwidth) y ie lded  a p r a c t i c a l  design.  An i n t e r n a l  schematic view of t h e  
d i g i t a l  e l l i p t i c  f i l t e r  c i r c u i t  i s  shown i n  F igure  21(b) f o r  ba r s  between 
p a r a l l e l  ground p lanes  (no t  shown). 
f a r  end and t h e  r e e n t r a n t  c o a x i a l  l i n e s  a r e  s h o r t  c i r c u i t e d  a t  t h e  f a r  
end. 
A des ign  labe led  C0605c wi th  modular angle  8 = 40 degrees  was 
The 5 i n  t h e  f i l t e r  l a b e l  s i g n i f i e s  5 percent  r e f l e c t i o n  
S 
S 
H e r e  choice of s c a l e  f a c t o r  depended ‘more on phys ica l  
Choosing A = 1.0  (100 percent  
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FREQUENCY -GHz 
FIGURE 19 ATTENUATION RESPONSE OF BAND I I  FILTER 
I I 
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FIGURE 20 VSWR OF BAND I1 FILTER 
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FIGURE 21 BAND IV BANDSTOP FILTER 
(a) Lumped Element Low-pass Prototype 
(b) Digital Elliptic Realization of Bandstop Filter 
38 
When the  L va lues  of F igure  21(a) a r e  scaled by A and mul t ip l i ed  
by the system Z 
a x i a l  l i n e s  of the d i g i t a l  e l l i p t i c  f i l t e r .  Thus 
(50 ohms) w e  ob ta in  d i r e c t l y  the impedances of the  co- 
0 
Z = 36.7 
6 
= 58.3 z4 = 58.9 
z2 
a l l  i n  ohms. 
mul t ip l i ed  by 7 /Z = 7.534 w e  ob ta in  d i r e c t l y  the d i s t r i b u t e d  capaci-  
t ances  C/e of t h e  coupled r ec t angu la r  
Next when t h e  C values  of F igure  21(a) a r e  sca led  by I\ and 
0 0  
a s  fol lows:  
Cl/e = 4.403 
C2/€ = 1.244 
C3/€ = 9.990 
C4/€ = 2.237 
C5/€ = 8.792 
The f i n a l  design dimensions a r e  shown i n  F igure  22. Note t h a t  
the c o a x i a l  hues  a r e  d i e l e c t r i c  f i l l e d ,  thereby permi t t ing  room f o r  metal  
tuning s l u g s ,  r a t h e r  than f ixed  short c i r c u i t s .  The v e r t i c a l  ground wa l l  
was brought near  the  r igh t  hand ba r  (Figure 21), and allowance was made 
for  i t s  con t r ibu t ion  t o  C /e. 
C /€ ,  bu t  t h i s  b a r  was a l ready  f a i r l y  th in .  
and the sheer drop i n  the ground p lanes  a t  the b a r  ends were trimmed back 
t w i c e  dur ing  t e s t i n g  from 0.574 t o  0.508 i nch  t o  br ing  t h e  s k i r t  of a t -  
t enua t ion  a s  c l o s e  a s  p o s s i b l e  t o  the t h i r d  harmonic band upper edge. 
A s i m i l a r  t reatment  could have been given 
5 
The open c i r c u i t  ba r  ends 1 
39 
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FIGURE 22 DRAWING OF BAND IV  BANDSTOP FILTER 
40 
The VSWR and a t t e n u a t i o n  response of t h e  Band I V  f i l t e r  are 
shown i n  Figure 23 i n  t h e  region of t h e  t h i r d  and f o u r t h  h,?rmonics. A 
photo of t h i s  f i l t e r  i s  shown i n  Figure 24. 
H. T e s t  Resu l t s  on t h e  Tr ip l exe r  System 
Up t o  t h i s  p o i n t  each component of t h e  system was sepa ra t e ly  described 
and test  r e s u l t s  p e r t a i n i n g  only t o  t h a t  component were given. Here re- 
s u l t s  on t h e  t r i p l e x e r  and t h e  complete assembly of t r i p l e x e r  and t w o  
bandstop f i l t e r s  are given. The block diagram, Figure 1, and photo,  
Figure 2 ,  show t h e  way t h e  components are assembled. I n  the  case of t h e  
t r i p l e x e r  a lone,  t h e  t w o  bandstop f i l t e r s  a r e  removed and t h e  common p o r t  
of t h e  Band I11 d i p l e x e r  becomes t h e  va rac to r  p o r t .  
Figure 25 shows the a t t e n u a t i o n  and VSWR of t h e  t r i p l e x e r  a lone,  
from the va rac to r  p o r t  ( i n p u t )  to  t h e  fundamental p o r t  ( o u t p u t ) ,  covering 
more than f o u r  harmonically r e l a t e d  bands. Here the  test s i g n a l  pas ses  
through t h e  bandstop p a r t  of t h e  Band I11 d i p l e x e r  and the bandpass p a r t  
of t h e  fundamental d ip l exe r .  The t w o  p o r t s  are w e l l  i s o l a t e d  from each 
o t h e r  i n  t he  second, t h i r d ,  and f o u r t h  harmonic bands, a s  w e l l  as for 
subharmonics. When t h e  second and f o u r t h  harmonic f i l t e r s  a r e  added t o  
t h e  test se tup ,  the curves of Figure  26 r e s u l t .  The VSWR inc reases  
sharply i n  these t w o  harmonic bands, a s  one would expect .  Some i n t e r -  
a c t i o n  appears t o  have occurred i n  t he  l o w e r  po r t ion  of the t h i r d  har- 
monic band. However, the moderate values  of VSWR i n  t h a t  region i n  both 
Figure 25 and Figure 26 a r e  a t  var iance w i t h  such a r e s u l t .  Some anoma- 
lous  behavior of t h e  test instrumentat ion could have been the cause of 
t h e  apparent sudden drop i n  a t t enua t ion .  
Figure 27 shows t h e  response of t h e  t r i p l e x e r  when t h e  t h i r d  harmonic 
p o r t  i s  t h e  o u t p u t ,  and the  v a r a c t o r  p o r t  i s  t h e  inpu t .  Here the t w o  
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harmonic bandstop f i l t e r s  have been added, a s  i n  Figure 26 .  The pass  
band i s  now restricted e s s e n t i a l l y  t o  the t h i r d  harmonic band. 
I s o l a t i o n  between the fundamental and t h i r d  harmonic ports i s  shown 
i n  Figure 29, where the  fundamental p o r t  i s  the inpu t .  The harmonic 
f i l t e r s  were not  included i n  t h i s  test. F igu re  30 shows the effect of 
adding the  harmonic f i l ters .  
The purpose of the  dummy load a t  the bandstop po r t ion  of the funda- 
mental d i p l e x e r  i s  t o  absorb energy i n  off-harmonic bands, e s p e c i a l l y  i n  
t he  subharmonic r eg ion ,  and i n  the region between the f irst  and second 
harmonic bands. F igu res  31 and 32 g ive  the response from v a r a c t o r  p o r t  
t o  dummy load ,  r e s p e c t i v e l y ,  without and w i t h  the harmonic f i l ters .  L o w  






























































































































































































































































































































































































I I I MATCHING NETWORK CONS IDEELATIONS 
- 1Sl1l2 - 
A .  General 
z - z* 
D 
D 
z + z  
The design and construct ion of a s u i t a b l e  matching network between 
t h e  diode and mult iplexer  a r e  c r i t i ca l  towards obtaining optimum t r i p l e r  
performance. The cons t r a in t s  on t h e  matching network a r e  severe,  con- 
s iderably  more so than t h e  conventional s i t u a t i o n  i n  which it  i s  des i red  
t o  e f f i c i e n t l y  t ransmit  power from a r e s i s t i v e  source t o  a passive 
complex load, The reason is  t h a t  t h e  matching network f o r  a frequency 
m u l t i p l i e r  must not only provide e f f i c i e n t  power t r a n s f e r ,  a t  t h e  
fundamental, but i t  must a l s o  present  t h e  proper impedances t o  the  
diode a t  each harmonic, Because of the nonl inear i ty  of the frequency 
mul t ip l i ca t ion ,  t h e  load impedances presented t o  t h e  diode a t  a l l  h igher  
harmonics determines t h e  diode input  impedance a t  t he  fundamental. The 
condi t ion of e f f i c i e n t  power t r a n s f e r  is not i d e n t i c a l  t o  matching the  
impedances except f o r  t h e  s ingu la r  case of a p e r f e c t  match, as  may be 
seen from t h e  following ana lys i s .  For a l o s s l e s s  matching network t h e  
e f f ic iency  of power t r a n s f e r  t o  a complex load is  given by 
2 2 





Z = R + j X  = impedance seen by t h e  load looking i n t o  t h e  
matching network 
= R + j X  = load impedance 
'D D D 
D'  
Z* = con j u g a t e  of z 
D 
Equation ( 9 )  may be rewri t ten i n  t h e  form 
2 2 2 




R = R  
CY D 
and 
B R 2 
1 - bill 
Equation (10) represents. t h e  l o c i  of cons tan t  power c i r c l e s  centered a t  
R = R 
value of I S  
power t r a n s l e r  t o  t h e  diode. 
X = -X with r a d i i  equal  t o  21s I R  / [ 1 - 1S1112]. For a given 
cy' D 11 D I ,  a l l  impedances Z s a t i s f y i n g  Eq. ( 1 0 )  g ive  i d e n t i c a l  I f  
L e t  u s  examine more c a r e f u l l y  t h e  impl ica t ions  of Eq. ( 1 0 ) .  The 
c e n t e r  of each cons tan t  power-transfer circle is a t  
54 




1 4- bill 
1 - bl11 Rc = 5) 
and t h e  c i r c l e  r ad ius  is  
* For p e r f e c t  t ransmiss ion ,  lSlll = 0,  which g ives  R = RD, Xc = XD and 
R = 0. That i s ,  a conjugate  match is  necessary f o r  p e r f e c t  t ransmission.  B 
For smal l  mismatches, t h e  c e n t e r s  of t h e  c i r c l e s  s h i f t  only a l i t t l e  t o  
t h e  r i g h t ,  but  t h e  r a d i i  of t h e  c i r c l e s  i nc rease  a t  a r a t e  of 2R For 
l a r g e  mismatches t h e  cen te r s  of cons tan t  power-transmission c i r c l e s  move 
t o  t h e  r i g h t  s u b s t a n t i a l l y  and t h e  r a d i i  l i kewise  become q u i t e  large.  
This is  i l l u s t r a t e d  i n  Figure 33 f o r  the  case  of a complex load 
Z = 1 - j l  and t h r e e  values  of IS 
D' 
I : 11 
lSIJ = 0.0 (0 d~ a t t e n u a t i o n )  
\Sill = 0.33 (0.5 dB a t t e n u a t i o n )  
lSlll' = 0.5 (1.25 dB a t t e n u a t i o n ) .  
I t  can be  seen from t h e  f i g u r e  t h a t  a mismatch of IS 
r e s u l t  i n  an impedance mismatch of 3:1, even though t h e  e f f i c i e n c y  of 
power t ransmission is  s t i l l  good, i . e . ,  75 percent .  
(0.5 dB a t t e n u a t i o n ) ,  which would normally be considered e x c e l l e n t  
I = 0.5 can 11 
Even I S  I = 0.33 11 
























































































Thus, i t  i s  seen  t h a t ,  when considered from t h e  p o i n t  of view of 
t r i p l e r  a p p l i c a t i o n s ,  t h e  requirements on t h e  matching network are 
s t r i n g e n t .  An impedance mismatch of 3:l o r  even 2:l from t h e  des ign  
impedances a t  t h e  second o r  t h i r d  harmonic could cause a seve re  m i s -  
match of impedance a t  t h e  fundamental, I t  is  n o t  known a t  t h i s  t i m e  
t h e  ex ten t  of impedance mismatch t h a t  can be t o l e r a t e d  a t  t h e  second 
and t h i r d  harmonics without s i g n i f i c a n t  degradat ion of t r i p l e r  e f f i c i e n c y ,  
bu t  i t  seems reasonable  t o  presume t h a t  2:l would se r ious ly  degrade t h e  
e f f i c i ency .  Consequently, any proposed matching network a t  t hese  harmonics 
should be s u b s t a n t i a l l y  b e t t e r  than 0.5 dB. 
B. Gain-Bandwidth R e s t r i c t i o n s  
BodeI3 and Fano’* have s t a t e d  t h e  l i m i t a t i o n s  on the matching of 
a r b i t r a r i l y  complex loads t o  r e s i s t i v e  sources  with l o s s l e s s  networks. 
These r e s t r i c t i o n s  a r e  convenient ly  s t a t e d  i n  terms of a sequence of 
i n t e g r a l  r e s t r i c t i o n s  of the form 
where W ( w )  is a p o s i t i v e  weighting func t ion  f o r  a l l  W and C 
p o s i t i v e  f i n i t e  cons tan t  assoc ia ted  with W __ . 
is a 
n n 
Equation (12) s t a t e s  t h a t  
n 1 
the a r e a  under t h e  W .(w) Rn curve is f i n i t e .  Consequently, the  
n 
bandwidth over which a g o d  match can be obtained is l imi ted .  
more, a premium is  paid f o r  each po in t  of p e r f e c t  match s i n c e  t h e  
integrand has a logari thmic s i n g u l a r i t y  the re .  C lea r ly ,  i n  a band 
l imi ted  system, a f l a t  l o s s  is necessary i n  o rde r  to  achieve t h e  
Further-  
necessary bandwidth . 
57 
C. Design of t h e  Matching Network 
I n  designing matching networks a t  microwave f requencies ,  t h e  
p r a c t i c a l  l i m i t a t i o n s  of component values  and network r e a l i z a b i l i t y  
must be taken i n t o  cons idera t ion .  For example, impedances of less 
than 5 and g r e a t e r  than 150 ohms a r e  extremely d i f f i c u l t  t o  r e a l i z e  
i n  sh ie lded  TEM l i n e .  Consequently, only about a 3 0 : l  range i n  impedance 
l e v e l s  can be considered. Also, c e r t a i n  common f i l t e r  s t r u c t u r e s ,  which 
might be used a s  matching networks, a r e  l imi t ed  i n  t h e  t r a n s f e r  func t ions  
t h a t  they can r e a l i z e .  For example, half-wave para l le l -coupled  r e sona to r  
f i l t e r s  can have only one t ransmission z e r o  a t  i n f i n i t y .  For these  
reasons it w a s  considered ill advised t o  a t tempt  t o  f ind  a t h e o r e t i c a l  
s o l u t i o n  t o  t h e  matching problem. For ,  even i f  one could be obta ined ,  
there would be no guarantee t h a t  the f i l t e r  could be phys ica l ly  r ea l i zed  
a t  microwave f requencies .  Therefore ,  t h e  problem was approached i n  t h e  
fol lowing way : 
( 1) An a r b i t r a r y ,  bu t  r e a l i s t i c ,  lumped network conf igura-  
t i o n  was chosen t h a t  could be converted t o  a p r a c t i c a l  
microwave network. 
(2) The parameters of t h e  network w e r e  ad jus ted  by a 
sys temat ic  computer s ea rch  and opt imiza t ion  program 
f o r  a b e s t  match over t he  s p e c i f i e d  bandwidth. 
A 4-resonator  low-pass network w a s  chosen for an i n i t i a l  s t a r t i n g  
network. The network was requi red  t o  match the diode impedance over  
t h r e e  bands: t h e  fundamental, 700-800 MHz; the  t h i r d  harmonic, 2100 t o  
2400 MHz; and t h e  second harmonic, 1400 t o  1600 MHz. ( I t  was necessary 
t o  match t h e  d iode  t o  the second harmonic because it was assumed t o  have 




FIGURE 34 PROPOSED LOW-PASS DIODE MATCHING CIRCUIT 
i s  r e a d i l y  converted t o  coax ia l  form, The network is  shown i n  Figure 34. 
Impedance values  f o r  t h e  d iode  were assumed t o  be :  
Table V I 1  
DIODE IMPEDANCE VALUES 
Frequency Band 
Fund ament a 1 
= 750 MHz 
f O 1  
Second Harmonic 
= 1500 MHz I f02 
Third Harmonic I 
= 2250 I *03 
Diode Impedance (ohms) 
01 




0.5 - j15.6 - 
f 
f03  
19-14  - j10.21 - 
f 
These impedances correspond t o  S te inb reche r ’ s  r e s u l t s  f o r  m a x i m u m  
e f f ic iency .15  
bands, r e s u l t i n g  i n  t h e  following network parameters:  
The matching network was optimized over t he  above t h r e e  
59 
C = 2.57 pF 
L = 0,733 nH 
1 
2 
L = 20.9 nH 
3 
= 0.595 pF 
= 1.43 nH . 
c3 
L4 
The a t t e n u a t i o n  between source  and d iode  i s  shown i n  Figure 35. The 
match i s  approximately 1 dB i n  t h e  fundamental and t h i r d  harmonic bands, 
but  sharp ly  resonant  i n  t h e  second harmonic band. This r e s u l t  i s  no t  
too  s u r p r i s i n g  i n  view of s t r i n g e n t  requirements asked of t h e  4-resonator  
low-pass network. I n  o rde r  t o  o b t a i n  a b e t t e r  match, t h e  low-pass 
c i r c u i t  should be t r i p l y  resonated i n  o rde r  t o  m e e t  a l l  of t h e  matching 
condi t ions  i n  t h e  t h r e e  bands. While t h i s  i s  t h e o r e t i c a l l y  p o s s i b l e ,  
t h e  r e s u l t i n g  s t r u c t u r e  would be q u i t e  complex, and not  necessa r i ly  
r e a l i z a b l e .  Furthermore, t h e  gain-bandwidth r e s t r i c t i o n s  prev ious ly  
descr ibed  s t i l l  hold,  and i t  may y e t  be impossible  t o  achieve a sub- 
s t a n t i a l l y  b e t t e r  match over  t h e  p re sen t  bandwidth. Reca l l  t h a t  f o r  
e f f i c i e n t  t r i p l e r  ope ra t ion ,  F igure  33 sugges ts  t h a t  a match t o  wi th in  
a few t en ths  of a dB is  needed, and t h i s  q u a l i t y  of match may be com- 
p l e t e l y  incompatible with t h e  p re sen t  bandwidth. 
D T r i p l e r  Time-Domain Analysis  
I n  order  t o  t h e o r e t i c a l l y  analyze t h e  e f f i c i e n c y  of t h e  t r i p l e r  
with t h e  above matching network a genera l ized  time-domain a n a l y s i s  com- 
p u t e r  program was used. The frequency dependence of t he  mul t ip l exe r  
was accounted f o r ' a n a l y t i c a l l y  i n  a f a i r l y  s imple way t h a t  reduced 
computer running t i m e .  The d iode  was assumed t o  have an i d e a l  punch- 
























































des ign  curves of Steinbrecher'16 f o r  t r i p l e r s .  
t h e  t r a n s i e n t  response f o r  source f requencies  of 700, 720, 740, 760, 
780, and 800 MHz."  A f t e r  t h e  t r a n s i e n t  had s e t t l e d  down, t h e  harmonic 
response was ca l cu la t ed  us ing  a f a s t -Four i e r  t ransform subrout ine .  
The computer ca l cu la t ed  
Figure 36 shows t h e  VSWR a t  t h e  source  te rmina ls .  I t  is q u i t e  
high,  i n d i c a t i n g  s u b s t a n t i a l  mismatch between t h e  d iode  and source.  
This is  not unexpected and is  r e a d i l y  understood i n  terms of our  
previous d i scuss ion .  For although the matching network was r e l a t i v e l y  
e f f i c i e n t  f o r  the assumed pass ive  complex load ,  i t  f a r  exceeded the 
0.1 t o  0.3 dB match required f o r  good t r i p l e r  design.  Consequently, 
t he  impedance of t h e  d iode  a t  t h e  fundamental was s u b s t a n t i a l l y  d i f -  
f e r e n t  from t h a t  o r i g i n a l l y  assumed because of t h e  i n c o r r e c t  impedance 
te rmina t ions  a t  t h e  second and t h i r d  harmonics. Figure 37 g ives  d a t a  
of t r i p l e r  e f f i c i e n c y  def ined a s  P 
d iode  e f f i c i e n c y ,  def ined  as 
( fo ) ,  and i n t r i n s i c  
ou t  ( f  3)"avai 1 
P ( f  )/[Power de l ive red  t o  d iode  a t  f 3 
out  3 0 
I t  i s  noteworthy t h a t  i n  t h e  region i n  which t h e  second harmonic is  
r e a c t i v e l y  terminated,  a l though perhaps n o t  op t imal ly ,  t h e  e f f i c i e n c y  
i s  h i g h e s t ,  This  s t rong ly  emphasizes t h e  c r i t i c a l  importance of t h e  
matching network i n  t h e  cu r ren t  design approach. In  conclusion,  i f  
t h e  p re sen t  t r i p l e r  des ign  approach is  t o  be success fu l ,  a g r e a t  d e a l  
of e f f o r t  w i l l  be required t o  ob ta in  matching networks t h a t  are 
r e a l i z a b l e  ( i n  a p r a c t i c a l  s ense )  and can match t h e  d iode  des ign  
impedances t o  wi th in  a few t e n t h s  of dBs. 
* The d a t a  f o r  800 MHz a r e  de l e t ed  i n  t h e  fol lowing d i scuss ion  because 
they were found i n  e r r o r .  The harmonic a n a l y s i s  revealed t h a t  t h e  













700 720 740 760 780 800 
FREQUENCY-MHz 
FIGURE 36 VSWR AT SOURCE TERMINALS 
TRIPLER I 
EFFICIENCY-/ 




700 720 740 760 700 
FR€QUENCY- MHz 








0 z w u 







I V  NEASUREhiIENTS ON AN EXPERINENTAE TRIPIER 
A diode mount w a s  constructed f o r  t h e  Varian VAB 81I.A-EP bi-mode 
diode t h a t  w a s  subsequently t e s t e d  i n  the  t r i p l e r  hardware. The diode 
mount w a s  connected i n  cascade with a coax ia l  l ine  s t r e t c h e r ,  second 
harmonic bandstop f i l t e r ,  and then  t h e  common p o r t  of t h e  t r i p l e x e r .  
Stub tuners w e r e  p laced between t h e  source and fundamental input  and 
a l s o  between t h e  t h i r d  harmonic output  d e t e c t o r  and i t s  r e spec t ive  p o r t  
of t h e  t r i p l e r .  Power t o  the  diode was 1.3 f 0.1 watt .  The tuners and 
l i n e  s t r e t c h e r  w e r e  ad jus t ed  f o r  optimum e f f i c i e n c y  and then  t h e  impedance 
seen from t h e  diode te rmina ls  w a s  measured on t h e  SRP Automatic Network 
Analyzer. A r e p r e s e n t a t i v e  r e su l t  is shown i n  Figure 38. 
( b )  and ( c )  show osc i l l o sg raphs  of t h e  impedances looking back i n t o  t h e  
t r i p l e r  a t  t h e  fundamental (697 MHz) , t h e  second and t h i r d  harmonics, 
r e spec t ive ly .  Normalized t o  50 ohms these  a r e  
Figures  38( a ) ,  
Z( fo)  = 0.19 + j . 8 5  
Z(2f0) = 0.08 - j .13 
Z(3f0) = 0.55 - j.1 
A t  t h i s  frequency t h e  t r i p l e r  e f f i c i e n c y  was 58 percent .  
E f f i c i e n c i e s  f o r  source frequencies  of 651 and 749 MHz w e r e  34 and 
41.5 pe rcen t ,  r e spec t ive ly .  The t r i p l e r  normalized output  impedances 
f o r  t hese  f requencies  w e r e  
Z(651) = 0.6 + jl.1 
Z(1302) = 0.05 - j,O8 























































































z(749) = 0.7 + j . 9  
Z(1498) = 0.02 + j . 4  
Z(2247) = 0.38 + j .05 , 
Measurements were a l s o  taken a t  800 and 850 MHz. However, these have 
s i n c e  been found t o  be erroneous,  and there was i n s u f f i c i e n t  t i m e  t o  




The t r i p l e x e r  a t t enua t ion  and common p o r t  VSWR response were genera l ly  
s a t i s f a c t o r y .  The l a r g e s t  component of t he  t r i p l e x e r  was t h e  channel- 
d ropp ing- f i l t e r  f o r  the  source frequency. I ts  s ize  could be s u b s t a n t i a l l y  
reduced by r e a l i z i n g  the  same e l e c t r i c a l  design w i t h  semi-lumped elements.  
The bandstop f i l t e rs  f o r  t h e  second and f o u r t h  harmonic bands a r e  b e t t e r  
incorporated i n  the  matching f i l t e r  r a t h e r  than a s  ind iv idua l  components. 
In  t h i s  way the  t r i p l e x e r  i s  made more compact and redundancy of  compo- 
nents  is reduced. 
The e f f i c i e n c y  of t r i p l e x e r s  of  the  present  design depends c r i t i c a l l y  
on the to l e rance  of match between the diode and the t r i p l e x e r .  The match- 
ing  network must present  t h e  c o r r e c t  impedances t o  t h e  diode a t  the  
second and t h i r d  harmonics and match the  diode impedance a t  the  fundamen- 
t a l .  Analysis showed t h a t  the  to le rance  of match required f o r  the  second 
and t h i r d  harmonic bands ( i n  terms of  power-transfer e f f i c i e n c y )  is cer- 
t a i n l y  less than  0.5 dB, and probably a s  small  a s  0.1 or 0.2 dB. T h i s  
i s  extremely d i f f i c u l t  t o  achieve over  wide  bandwidths and w i l l  r equ i r e  
complex matching c i r c u i t s  i n  order  t o  cover the  three frequency bands 
( i . e . ,  the fundamental, second, and t h i r d  harmonics). The p r a c t i c a l  
r e a l i z a t i o n  of microwave matching s t r u c t u r e s  adds another  degree of d i f f i -  
c u l t y  t o  the  o v e r a l l  matching problem. For these reasons,  a s u b s t a n t i a l  
p a r t  of any f u t u r e  t r i p l e r  work using t h i s  design approach should be 
directed t o  t h e  s o l u t i o n  of the  matching network problem. 
I f  the  to l e rance  of match cannot be reduced t o  s u f f i c i e n t l y  small  
values over the requi red  bandwidths, because of e i ther  t h e o r e t i c a l  or 
p r a c t i c a l  l i m i t a t i o n s ,  i t  is recommended t h a t  the  matching network be 
69 
be optimized i n  t h e  time-domain. Time-domain opt imizat ion has t h e  d i s -  
t i n c t  advantage t h a t  the  matching network and t r i p l e r  e f f i c i e n c y  a r e  
optimized i n  a s e l f - c o n s i s t e n t  manner. Indeed, t h i s  may be t h e  only way 
t o  e f f i c i e n t l y  s o l v e  t h e  wideband t r i p l e r  c a s e .  
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